The acidic polysaccharide nostoflan was previously isolated as an antiviral component from the terrestrial alga Nostoc flagelliforme. In the present study, we examined the target for its anti-herpes simplex virus type 1 action. In time-of-addition experiments, the most sensitive stage of viral replication to nostoflan was found to be early events, including the virus binding and/or penetration processes. In order to determine what extent nostoflan may be involved in these processes, virus binding and penetration assays were separately performed. The results indicated that the inhibition of virus binding to but not penetration into host cells was responsible for the antiherpetic effect induced by nostoflan. Our study suggests that nostoflan may be a potential antiherpes agent.
Several synthesized nucleoside analogs are available for the treatment or suppression of herpes simplex virus (HSV) infections. Acyclovir (ACV) is a representative of these analogs. 1) Recently, a number of reports have demonstrated a decline of immune function due to age, stress or medical interventions. When the immune defense mechanism of a host is impaired, serious infections by non-or low-pathogenic microorganisms frequently occur, and drug-resistant pathogens might easily be generated. In fact, ACV-resistant HSV has been isolated from immunocompromised persons. [2] [3] [4] [5] Thus, the development of novel inhibitors of HSV replication with different mechanisms of action is still required.
We have recently reported on the isolation of a novel antiviral component, named nostoflan, from the blue-green alga Nostoc flagelliforme. Nostoflan showed a potent inhibitory effect on HSV type 1 (HSV-1). 6) In the present study, we investigated the antiviral target of this polysaccharide in order to determine its potential as an antiherpetic agent.
MATERIALS AND METHODS
Materials Nostoflan was prepared from N. flagelliforme collected in China as described previously. 6) Dextran sulfate (MW 500000) was purchased from Sigma-Aldrich Corp. (St. Lous, Mo, U.S.A.).
Cells and Virus Vero cells were grown in Eagle's minimal essential medium (MEM) (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 5% fetal bovine serum (FBS). HSV-1 (HF strain) was propagated and plaqueassayed on Vero cell monolayers.
Antiviral Activity For the determination of anti-HSV-1 activity, plaque assay was employed as described previously. 7) Briefly, Vero cell monolayers were infected with HSV-1 at room temperature for 1 h. The monolayers were washed three times with phosphate-buffered saline (PBS) and incubated in maintenance medium (MEM plus 2% FBS) at 37°C. The different concentrations of nostoflan were added to the monolayers at the indicated time. Virus yields were determined by plaque assay on Vero cell monolayers after 1-d incubation. Antiviral activity was expressed as the 50% inhibitory concentration (IC 50 ), which was the lowest compound concentration that reduced plaque number by 50% in the treated cultures compared with untreated control ones.
Time-of-Addition Experiments Vero cell monolayers were infected with HSV-1 at 10 plaque-forming units (PFU) per cell. Nostoflan (0, 0.1, 1, 10, 100 mg/ml) was added for 3 h before viral infection, during viral infection for 1 h, during viral infection and throughout the incubation for 24 h, immediately after infection for 24 h, from 2 to 24 h postinfection (p.i.), from 4 to 24 h p.i., or from 6 to 24 h p.i. At 24 h p.i., the cell cultures were harvested and subjected to plaque assay.
Assay for Virus Adsorption The effect of nostoflan on HSV-1 adsorption to host cells was evaluated by an infectious center assay. 8) Briefly, Vero cell suspension (4ϫ10 6 cell/ml), HSV-1 at 1 PFU per cell, and different concentrations of nostoflan or dextran sulfate were precooled at 4°C for 3 h before mixing. The mixtures were incubated at 4°C for 1 h to allow the virus binding to cells and to prevent the virus from penetrating into cells. After the adsorption period, unbound virus and free compound were removed by washing three times with ice-cold PBS. The cell pellets were diluted serially with ice-cold PBS and added to Vero cell monolayers, which were overlaid with maintenance medium containing 0.5% methylcellulose (MC) to be plaque-assayed. Assay for Virus Penetration Virus penetration into host cells was evaluated according to the method reported by Huang and Wagner 9) and modified by Highlander et al.
10)
Vero cell monolayers precooled at 4°C for 3 h were infected with HSV-1 (approximately 100 PFU/well) at 4°C for 1 h in the absence of nostoflan or dextran sulfate. After washing three times with ice-cold PBS, maintenance medium containing different concentrations of nostoflan or dextran sulfate was added to the cell monolayers, the temperature of which was shifted to 37°C. At 0, 0.5, 1, 2, 3 and 6 h of incubation at 37°C, unpenetrated viruses were inactivated by treating the cell monolayers with 40 mM citrate buffer (pH 3.0) for 1 min. The cell monolayers were overlaid with maintenance medium containing 0.5% MC to be plaque-assayed.
Assay for Virus Inactivation
The virucidal activity of nostoflan was determined as follows: HSV-1 suspension con- taining 4ϫ10 5 PFU per ml was mixed with an equal volume of medium containing 0, 2, 20, 200 and 2000 mg of nostoflan per ml. The mixtures were incubated for 1.5 h at 37°C, diluted 100-fold with PBS to eliminate the effect of nostoflan on virus replication, and subjected to plaque formation to determine the remaining infectivity.
Analysis of Radiolabeled HSV-1-Specific Glycoprotein Vero cell monolayers in 35-mm dishes were infected with HSV-1 at 10 PFU per cell at room temperature for 1 h, washed three times with PBS, and replenished with methionine-free MEM (Flow Laboratories, Irvine, U.K.). The infected cells were radiolabeled during 2-8 h postinfection with 10 mCi of Tran 35 S-label (43.47 TBq/mM; ICN Biomedicals, Costa Mesa, CA, U.S.A.). Different concentrations of nostoflan were added to the cells at the same time as viral infection and throughout the incubation thereafter or immediately after viral infection. The infected cells were harvested at 8 h postinfection and extracted with cell lysis buffer (0.05 M Tris-HCl, pH 7.0, 0.15 M NaCl, 1% SDS, 1% Triton X-100). The cell lysates (50 mg of protein) were treated with rabbit antibody prepared against synthesized oligopeptide of HSV-1 glycoprotein D (gD) as reported previously 7) and Protein A Sepharose 4B Fast Flow (Pharmacia Biotech AB, Uppsala, Sweden) overnight at 4°C with rotating. The immunoprecipitates were subjected to SDS-PAGE (8% acrylamide gel). After electrophoresis, the gels were soaked in 1 M sodium salicylate for 30 min, dried, and exposed to X-ray films.
11)
Statistical Analysis The data are expressed the meanϮ S.D. from triplicate assays, and were analyzed by Student's t test.
RESULTS

Effect of Time of Addition of Nostoflan on HSV-1 Replication
In order to determine the most sensitive phase of HSV-1 replication to nostoflan, time-of-addition experiments were performed. In these experiments, Vero cells were infected with HSV-1 at a high multiplicity of infection of 10, where all the cells were infected with the virus as determined by infectious center assay (data not shown). As shown in Fig.  1 , nostoflan suppressed virus production most efficiently in a dose-dependent manner when added at the same time of virus infection and throughout the incubation thereafter. The presence of nostoflan only during viral infection for 1 h also produced relatively potent inhibitory effects on HSV-1 replication. However, the compound was much less effective and showed no dose dependence when the host cells were pretreated for 3 h or it was added at various times after viral infection.
Effect of Nostoflan on Virus Adsorption to Host Cells
From the time-of-addition experiments described above, the most sensitive phase of HSV-1 replication to nostoflan was suggested to be early events including virus binding to the receptor on host cell membranes and/or virus penetration into host cells by fusion between the virus envelope and cell membrane. At first, the effect of nostoflan on HSV-1 adsorption to host cells was evaluated by infectious center assay, which determined the number of cells binding the virus particles at low temperature (4°C) in the presence of different concentrations of the compound. As shown in Fig. 2 , nostoflan interfered significantly with virus adsorption in a dosedependent manner. Dextran sulfate also showed approximately 15 and 85% inhibition of virus adsorption at 0.2 and 1 mg/ml, respectively, as compared with control without sample.
Effect of Nostoflan on Virus Penetration into Host Cells
The virus penetration process is one possible target of nostoflan, as suggested by the time-of-addition experiments. After HSV-1 was adsorbed to Vero cells under the conditions that caused no virus penetration, the kinetics of virus penetration in the presence of different concentrations of nostoflan were studied for 6 h postinfection. Nostoflan showed no significant dose-dependent inhibition of virus internalization even at the high concentration of 1000 mg/ml (data not shown). However, dextran sulfate showed approximately 10, 50 and 75% inhibition of virus penetration at 0.2, 1 and 10 mg/ml, respectively, as compared with control.
Effect of Nostoflan on HSV-1 Inactivation When HSV-1 was preincubated for 1.5 h in the presence of 1, 10, 100, and 1000 mg/ml nostoflan, the infectivity of the virus was only reduced to approximately 85% of control even at the highest concentration of 1000 mg/ml (data not shown). Thus, nostoflan might have no marked effect on direct virus inactivation.
Effect of Nostoflan on HSV-1-Specific Protein Synthesis As mentioned above, nostoflan prevented HSV-1 from binding to host cells. In order to confirm that this antiviral action of the compound might be reflected in the intracellular events thereafter, HSV-1 gD protein, an essential glycoprotein, was detected in the cell cultures treated with nostoflan. The cell cultures were treated during radiolabeling with the compound by adding from the point of virus infection (Fig. 3A) , or, immediately after infection (Fig. 3B) . The antibody used detected both the precursor (pgD) and mature (gD) forms of gD. In the cells treated with nostoflan from the time of virus infection, the amounts of gD and pgD were dose-dependently decreased in the range of 0.1 to 10 mg/ml nostoflan. However, when nostoflan treatment was started after virus infection, the synthesis of the glycoprotein was less inhibited as compared with that in the cells treated with the compound during virus infection.
DISCUSSION
The acidic polysaccharide nostoflan isolated from the terrestrial alga N. flagelliforme prevented virus replication in a similar way to sulfated polysaccharides, another class of acidic polysaccharides. Many kinds of synthesized and algae-derived sulfated polysaccharides such as dextran sulfate, fucoidan, spirulan, and hornan have been reported to be antiviral components. [12] [13] [14] [15] [16] [17] [18] [19] Some sulfated polysaccharides are known to inhibit both virus binding and penetration processes in the early phase of virus-cell interactions. In the present study, dextran sulfate was shown to have inhibitory effects on these two processes. We have also recently reported that a sulfated polysaccharide from a diatom showed dose-dependent inhibition of HSV-1 binding to and penetration into host cells. 20) On the other hand, nostoflan, which has no sulfate group, was found to exert an inhibitory effect on the virus binding process but not on the virus penetration process that occurs immediately after virus binding. Whether these differences in antiviral targets between nostoflan and sulfated polysaccharides depend solely on the presence of sulfate residues remains unclear. The cells synthesized less amounts of HSV-specific gD in the presence of nostoflan during virus infection as compared with those treated with the compound after virus infection, when the virus binding process should have been finished. HSV-1 gD is an essential glycoprotein which is required for the fusion between virus and host cell. 21) Therefore, the level of gD in HSV-infected cells can be considered to reflect the level of viral replication. Since the presence of nostoflan after virus binding exerted almost no effect on the synthesis of HSV-1 gD, the main target of the compound was suggested not to be the intracellular step of viral replication. From these results, it was found that the anti-HSV target of nostoflan is quite different from that of ACV, which inhibits viral DNA synthesis in infected cells. 22) In general, polysaccharides including sulfated polysaccharides are known as immunomodulating agents. [23] [24] [25] [26] We have recently confirmed the effect of nostoflan on the stimulation of immune response in influenza virus-infected mice (manuscript in preparation). These characteristics might be favorable to the suppression of HSV replication in the body, especially in immunocompromised hosts.
In summary, nostoflan was found to have a unique antiherpetic target in the in vitro HSV-1 replication system. Further investigation of the polysaccharide would be useful to overcome the problems that might limit the application of antiherpetic nucleoside analogs, including ACV.
